Energy-based calibration of virtual performance systems by Laird, I. et al.
Proc. of the 15th Int. Conference on Digital Audio Effects (DAFx-12), York, UK, September 17-21, 2012 

 '$)[
ENERGY-BASED CALIBRATION OF VIRTUAL PERFORMANCE SYSTEMS  
Iain Laird, Dr Paul Chapman Dr Damian Murphy 
'LJLWDO'HVLJQ6WXGLR
*ODVJRZ6FKRRORI$UW
$XGLR/DE'HSDUWPHQWRI(OHFWURQLFV
8QLYHUVLW\RI<RUN
*ODVJRZ8. <RUN8.
I.Laird1@gsa.ac.uk  
p.chapman@gsa.ac.uk  
dtm3@ohm.york.ac.uk 

ABSTRACT 
$9LUWXDO3HUIRUPDQFH6\VWHP936LVDUHDOWLPH'DXUDOLVD
WLRQV\VWHPZKLFKDOORZVDPXVLFLDQWRSOD\LQVLPXODWHGDFRXV
WLFHQYLURQPHQWV6XFKV\VWHPVKDYHEHHQXVHGWRLQYHVWLJDWHWKH
HIIHFW RI VWDJH DFRXVWLFVRQ WKHSHUIRUPDQFH WHFKQLTXHRIPXVL
FLDQV7KLVDUWLFOHGHVFULEHVWKHSURFHVVRIFDOLEUDWLQJD936XV
LQJHQHUJ\EDVHGTXDQWLWLHVDQGJRHVRQWRYHULI\WKLVWHFKQLTXH
E\FRPSDULQJNQRZQDFRXVWLFTXDQWLWLHVPHDVXUHGLQDWHVWVSDFH
ZLWKDYLUWXDOYHUVLRQRI WKHVDPHVSDFH7KLVZRUNKDVGHPRQ
VWUDWHG WKDW FDOLEUDWLQJ D 936 XVLQJ PHWULFV EDVHG RQ 6XSSRUW
ZLOOUHVXOWLQDQDFFXUDWHVLPXODWLRQRIDWHVWVSDFHDFFRUGLQJWR
NQRZQDFRXVWLFPHWULFVVXFKDV7$FRPSDULVRQRITXDQWLWLHV
UHIHUULQJ WR HDUOLHU SDUWV RI WKH UHVSRQVH VXFK DV (DUO\ 'HFD\
7LPH ('7 VKRZ VRPHHUURUVZKLFKDUH WKRXJKW WREHFDXVHG
E\WKHQRQDQHFKRLFQDWXUHRIWKHUHSURGXFWLRQVSDFH
1. INTRODUCTION 
7KHDFRXVWLFGHVLJQRIDVWDJHLVDFULWLFDOSDUWRIFRQVWUXFWLQJD
VXFFHVVIXOSHUIRUPDQFHVSDFH,WKDVEHHQGHPRQVWUDWHGWKDWPX
VLFLDQVZLOO RIWHQ DGDSW WKHLU SOD\LQJ WHFKQLTXH VRPHWLPHV XQ
FRQVFLRXVO\ LQ UHDFWLRQ WR WKH DFRXVWLF UHVSRQVH WKH\ KHDU RQ
VWDJH >@ :KHQ VWXG\LQJ WKH HIIHFW RI VWDJH DFRXVWLFV RQ SHU
IRUPHUVDSULPDU\FRQFHUQLVWKHYHQXHLQZKLFKWKHVWXG\WDNHV
SODFH 1DWXUDOO\ LW LV SUHIHUDEOH WR VWXG\ PXVLFLDQV SOD\LQJ LQ
DFWXDOFRQFHUWKDOOHQYLURQPHQWVKRZHYHUKDOOKLUHFRVWVDQGWKH
ODFNRIFRQWUROODEOHYDULDEOHVPDNHPDQ\H[SHULPHQWVOLPLWHGRU
LPSUDFWLFDO ,W LVWKHUHIRUHQHFHVVDU\WRFRQVLGHUDODERUDWRU\VHW
XSZKLFK FDQ HPXODWH WKH' VRXQGILHOG H[SHULHQFHGE\ D SHU
IRUPHUSOD\LQJRQVWDJHLQUHVSRQVHWRWKHVRXQGRIWKHLULQVWUX
PHQWLQUHDOWLPH

*DGH>@8HQR>@DQG%UHUHWRQ>@KDYHSUHYLRXVO\FRQGXFWHG
VWXGLHVLQYLUWXDOYHUVLRQVRIFRQFHUWKDOOVZKLFKXWLOLVHD'DX
UDOLVDWLRQV\VWHPWRUHFUHDWHWKHVHQVDWLRQRISOD\LQJRQVWDJHIRU
D QXPEHU RI WHVW VXEMHFWV :KLOH *DGH’s   YLUWXDO DFRXVWLF HQYL
URQPHQW ZDV FUHDWHG XVLQJ D FRPELQDWLRQ RI GHOD\ OLQHV DQG
ORXGVSHDNHUEDVHG UHYHUEHUDWLRQ UHFHQW V\VWHPV > @ UHO\ RQ
FRQYROXWLRQ HQJLQHV WR DSSO\ DPHDVXUHGRUPRGHOOHG URRP UH
VSRQVH WR WKH GLUHFW VRXQG RI WKH PXVLFDO LQVWUXPHQW ZKLFK LV
WKHQSOD\HGEDFNWRWKHPXVLFLDQLQUHDOWLPH

6\VWHPV VXFK DV WKLV KRZHYHU UHPRYH WKH PXVLFLDQ IURP WKHLU
QDWXUDOSHUIRUPLQJHQYLURQPHQWDQGSODFHWKHPLQZKDWLVRIWHQ
UHSRUWHG WR EH DQ XQQDWXUDO VRXQGLQJ DSSUR[LPDWLRQ RI VWDJH
DFRXVWLFV ,W LV WKHUHIRUHFUXFLDO WKDW WKH936FDQEHYHULILHG WR
HQVXUHWKHVLPXODWHGDFRXVWLFHQYLURQPHQWLVDIDLUUHSUHVHQWDWLRQ
RIWKHWDUJHWVSDFH7KLVDUWLFOHGHVFULEHVWKHSURFHVVRIYHULILFD
WLRQXVLQJZHOONQRZQHQHUJ\EDVHGTXDQWLWLHV,WZLOOEHJLQZLWK
D EULHI UHYLHZ RI WKH LPSRUWDQW HOHPHQWV RI VWDJH DFRXVWLFV DQG
WKH PHWKRGV XVHG WR UHFUHDWH YLUWXDO VWDJH DFRXVWLF FRQGLWLRQV
XVLQJD936,WZLOO WKHQGHVFULEHDQH[SHULPHQWZKLFKDLPV WR
UHSURGXFHWKHDFRXVWLFFRQGLWLRQVRIDWHVWVSDFHDQGREMHFWLYHO\
YHULI\ LWVFRUUHFWRSHUDWLRQZLWKUHIHUHQFHWRFULWLFDOHOHPHQWVRI
FRQFHUQIRUVRORLVWPXVLFLDQV
1.1. Soloist concerns 
*DGH
V >@ LQLWLDO VWXGLHV EHJDQ E\ LQWHUYLHZLQJ SHUIRUPHUV UH
JDUGLQJWKHLUPDLQDUHDVRIFRQFHUQZLWKUHJDUGVWRVWDJHDFRXV
WLFV+HXQFRYHUHGDSDWWHUQLQWKHXVHRIYRFDEXODU\DQGGHILQHG
DVHWRISULPDU\DFRXVWLFFRQFHUQVIRUVRORLVWVKLJKOLJKWHGEHORZ

5HYHUEHUDQFH±,VPDLQO\SHUFHLYHGGXULQJEUHDNVRUVKLIWRIWRQH
SOD\HG VLQFH LW VXVWDLQV WKH WRQHV MXVW SOD\HG ,W ELQGV DGMDFHQW
QRWHVWRJHWKHUFDQEOXUGHWDLOVLQWKHSHUIRUPDQFHDQGPD\JLYH
DVHQVHRIUHVSRQVHIURPWKHKDOO

6XSSRUW0DNHVWKHPXVLFLDQIHHOWKDWWKH\FDQKHDUWKHPVHOYHV
DQGWKDWLWLVQRWQHFHVVDU\WRIRUFHWKHLQVWUXPHQWWRGHYHORSWKH
WRQH,WFDQEHIHOWGXULQJWKHRQVHWRIWRQHVDQGLVWKHUHIRUHEH
OLHYHGWREHUHODWHGWRSURSHUWLHVGLIIHUHQWIURPUHYHUEHUDQFH

7LPEUH7KHLQIOXHQFHRIWKHURRPRQWKHWRQHFRORXURIWKHLQ
VWUXPHQWDQGRQWKHEDODQFHLQOHYHOLQGLIIHUHQWUHJLVWHUV

'\QDPLFV±'HVFULEHVWKHG\QDPLFUDQJHREWDLQDEOHLQWKHURRP
DQG WKHGHJUHH WRZKLFK WKHURRPREH\VWKHG\QDPLF LQWHQWLRQV
RIWKHSOD\HU

+HIRXQGWKDWDXGLEOHOHYHOVRIHDUO\UHIOHFWLRQVDUHSUHIHUUHGE\
WKHPDMRULW\ RI VRORLVWV DQG WKDW WKLV VXEMHFWLYH HIIHFW FRXOG EH
GHVFULEHGDV6XSSRUW*DGHZHQWRQWRGHPRQVWUDWHKRZ6XSSRUW
FRXOGEHTXDQWLILHGLQWHUPVRIHQHUJ\
1.2. Stage acoustic parameters 
6XSSRUW67LVDQREMHFWLYHTXDQWLW\ZKLFKGHWHUPLQHVWKH
HQHUJ\LQDQLPSXOVHUHVSRQVHLQG%ZLWKLQFHUWDLQWLPHLQWHU
YDOVZLWKUHIHUHQFHWRWKHGLUHFWVRXQG,WLVRIWHQXVHGWRGHWHU
PLQHKRZWKHHQHUJ\ZLWKLQWKHVHWLPHUHJLRQVDVVLVWVDSHUIRU
PHU’VRZQHIIRUWV7ZRPDLQ67TXDQWLWLHVH[LVWZKLFKHDFKUHIHU
WRGLIIHUHQWWLPHUHJLRQVRIDQLPSXOVHUHVSRQVHDQGDUHWKXV
OLQNHGWRDVVHVVLQJGLIIHUHQWSHUFHSWXDOHIIHFWV


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:KHUHh2GHQRWHVWKHVTXDUHGVRXQGSUHVVXUHRIWKHLPSXOVHUH
VSRQVHPHDVXUHGRQVWDJH

67HDUO\LVJHQHUDOO\XVHGWRGHVFULEHWKHGHJUHHRIPXWXDOKHDU
LQJ LQ HQVHPEOHV ZKLOH 67ODWH  LV LQGLFDWLYH RI WKH GHJUHH WR
ZKLFKWKHUHYHUEHUDQWVRXQGVXSSRUWVWKHPXVLFLDQ’s  oZQHIIRUWV

$VWDQGDUGPHDVXUHPHQWPHWKRGRORJ\LVGHILQHGLQ,62>@
KRZHYHUWKHUHUHPDLQVRQJRLQJGLVFXVVLRQDVWRWKHUHOLDELOLW\RI
67SDUDPHWHUVZLWKPDQ\DXWKRUVVXJJHVWLQJYDULRXVDOWHUQDWLYHV
IRULQWHJUDWLRQOLPLWVDQGVRXUFHUHFHLYHUSRVLWLRQV>@

5HYHUEHUDQFHFDQEHTXDQWLILHGXVLQJVWDQGDUGUHYHUEHUDWLRQWLPH
TXDQWLWLHV VXFK DV 57 7 DQG ('7 5HYHUEHUDWLRQ WLPH
57 LV GHILQHG DV WKH WLPH LW WDNHV IRU WKH PHDVXUHG VRXQG
SUHVVXUHOHYHOLQDURRPWRDWWHQXDWHE\G%DIWHUDVWHDG\VWDWH
VRXQGVRXUFHKDVEHHQVZLWFKHGRII7GHILQHV57E\H[WUD
SRODWLRQ XVLQJ OLQHDU UHJUHVVLRQ RYHU D G% UDQJH EHWZHHQ 
G%DQGG%('7VLPLODUO\GHILQHV57QRZEDVHGRQWKH
ILUVWG%RIDWWHQXDWLRQDQGKDVEHHQIRXQGWREHOLQNHGWRWKH
SHUFHSWLRQRIUHYHUEHUDQFHLQDVSDFH>@
2. SOUNDLAB AND VPS 
$936V\VWHPZDVFRQVWUXFWHGLQWKH$UXS''66RXQG/DEVLWX
DWHG LQ*ODVJRZ8.7KH6RXQG/DELVDGHGLFDWHGDXUDOLVDWLRQ
VXLWH XVHG IRU UHVHDUFK DQG FRPPHUFLDO SXUSRVHV 7KH VSDFH LV
PO[PZ[PKLVKHDYLO\DFRXVWLFDOO\WUHDWHGDQGLV
IORDWHGRQVSULQJVLQRUGHUWRDFRXVWLFDOO\LVRODWHWKHVSDFH7KH
6RXQG/DE KDV D PHDVXUHG /$) OHYHO H[FHHGHG IRU  RI
PHDVXUHPHQW WLPH  PLQV RI DSSUR[LPDWHO\ G%$ ZLWK DOO
HTXLSPHQWLQWKH6RXQG/DEVZLWFKHGRQ7KHDYHUDJH7RIWKH
VSDFHDW+]LVDSSUR[LPDWHO\V7KH6RXQG/DEIHDWXUHVD
FKDQQHOSHULSKRQLF ORXGVSHDNHUDUUD\FRPSULVLQJRI<DPDKD
063$ ORXGVSHDNHUV LQDGGLWLRQ WR D7DQQR\76VXEZRRIHU
7KH VSHDNHU V\VWHP KDV EHHQ HTXDOLVHG WR HQVXUH DQ RSWLPXP
IUHTXHQF\UHVSRQVHDWWKHVZHHWVSRWDQGDQHTXDOOHYHOFRQWULEX
WLRQPHDVXUHGDWWKHVZHHWVSRW

7KH936 XVHV DPLFURSKRQH SODFHG QHDU WKHPXVLFLDQ’s   LQVWUX
PHQWWRSLFNXSWKHGLUHFWVRXQGRIWKHLQVWUXPHQW7KHVRXQGLV
FRQYROYHGZLWKDQDPELVRQLF>@LPSXOVHUHVSRQVHZKLFKFDQEH
PHDVXUHG XVLQJ DQ DPELVRQLF PLFURSKRQH RU PRGHOOHG XVLQJ
DFRXVWLFPRGHOOLQJ VRIWZDUH7KH FRQYROXWLRQ LVDFKLHYHGXVLQJ
WZR5HDYHUE FRQYROXWLRQ SOXJLQV KRVWHG LQ WKH5HDSHU'LJLWDO
$XGLR:RUNVWDWLRQ '$:>@7KH UHVXOWDQWDXUDOLVHGPDWHULDO
LV WKHQ GHFRGHG XVLQJ D 'HFRSUR DPELVRQLF GHFRGHU >@ DQG
SOD\HGEDFN LQUHDOWLPHWR WKHPXVLFLDQVDW LQ WKHFHQWUHRI WKH
VSHDNHUDUUD\

3UHYLRXV UHVHDUFK >@ KDV IRXQG WKDW LW LV QRW SUDFWLFDO IRU WKH
936 WR UHSURGXFH WKH GLUHFW VRXQG RU VW UHIOHFWLRQ IURP WKH
IORRUDVWKHVHHOHPHQWVDUHSUHVHQWQDWXUDOO\ZKHQDPXVLFLDQLV
SOD\LQJWKHLULQVWUXPHQWLQDQ\VSDFH)XUWKHUPRUHDQ\SURFHVV
LQJ ODWHQF\ UHVWULFWV WKH V\VWHP’s  DELOLW\ WRDFFXUDWHO\ UHSURGXFH
UHIOHFWLRQVZLWKLQDFHUWDLQWLPHIUDPH7KHUHIRUHWKHVHHOHPHQWV
DUH GLVFDUGHG IURP WKH LPSXOVH UHVSRQVHV XVHG LQ DXUDOLVDWLRQ
7KHUHVXOWLQJUHGXQGDQWSURSDJDWLRQWLPHLVWUXQFDWHGE\WKHDS
SURSULDWH DPRXQW LQRUGHU WR UHGXFHRYHUDOO V\VWHP ODWHQF\ GH
VFULEHGLQ6HFWLRQ

,WZDVDOVRGHPRQVWUDWHGLQ>@WKDWWKHOHYHORIDFRXVWLFUHVSRQVH
VKRXOGYDU\ LQ DFFRUGDQFHZLWK WKH OHYHORI WKH VRORist’s   LQVWUX
PHQWDQGVKRXOGQRWDXUDOLVHTXLHWVRXQGVWRWKHVDPHGHJUHHDV
ORXGHUVRXQGV(UURUVLQWKHOHYHORIVLPXODWHGDFRXVWLFUHVSRQVH
FDQFRQWULEXWHWRDQRWLFHDEOHÄ3$(IIHFt’  ZKHUHE\WKHPXVLFLDQ
IHHOVDVLIWKH\DUHSOD\LQJWKURXJKD3$V\VWHPLQDVSDFHUDWKHU
WKDQDFRXVWLFDOO\
3. EXPERIMENT 
$Q H[SHULPHQW ZDV GHYLVHG ZKLFK DLPHG WR WHVW WKH RSHUDWLQJ
SHUIRUPDQFHRI D936 LQ UHIHUHQFH WR UHYHUEHUDQFHDQGG\QDP
LFV VW RUGHU $PELVRQLF LPSXOVH UHVSRQVHV ZHUH FDSWXUHG LQ D
WHVW VSDFH GHVFULEHG LQ6HFWLRQ IURPDQHDUE\ ORXGVSHDNHU
XVLQJZHOO NQRZQ6ZHSW 6LQH:DYH WHFKQLTXHV >@7KLV GDWD
ZDVXVHGWRFUHDWHDYLUWXDOYHUVLRQRIWKHVSDFHZKLFKZDVWKHQ
FDOLEUDWHG XVLQJ DQ HQHUJ\EDVHG TXDQWLW\ $IWHU FDOLEUDWLRQ DQ
LGHQWLFDOVXUYH\ZDVXQGHUWDNHQLQWKH9364XDQWLWLHVUHODWHGWR
UHYHUEHUDQFH ('7 DQG 7 DQG G\QDPLFV 67HDUO\ DQG 67ODWH
RYHU D UDQJH RI 63/ OHYHOVZHUH H[WUDFWHG DQG FRPSDUHGZLWK
GDWDREWDLQHGLQWKHWHVWVSDFHWRDVVHVVWKHTXDOLW\RIWKHVLPXOD
WLRQ67HDUO\ DQG67ODWH DUHXVHG LQ WKLVH[SHULPHQWDVFDOLEUDWLRQ
SDUDPHWHUVUDWKHU WKDQ WRDVVHVVPXVLFLDQSHUFHSWLRQRIDFRXVWLF
VXSSRUW ,WSURYLGHVDFRQYHQLHQWTXDQWLILFDWLRQRIWKHHQHUJ\LQ
SDUWLFXODU WLPH UHJLRQV RI WKH DFRXVWLF UHVSRQVH LQ UHIHUHQFH WR
WKH GLUHFW VRXQG ZKLFK FDQ EH HDVLO\ UHFUHDWHG LQ WKH 936 $
QXPEHURIGHYLDWLRQVIURPWKHVWDQGDUGPHDVXUHPHQWPHWKRGRO
RJ\ZHUHPDGHPDLQO\UHODWLQJWRVRXUFHGLUHFWLYLW\DQGVRXUFH
UHFHLYHUSRVLWLRQV)RULQVWDQFH,62UHTXLUHVWKHXVHRIDQ
RPQLGLUHFWLRQDO ORXGVSHDNHU DQG PLFURSKRQH SRVLWLRQHG P
DSDUW ZKHUH WKLV H[SHULPHQW UHTXLUHG WKH XVH RI D GLUHFWLRQDO
ORXGVSHDNHULQFORVHSUR[LPLW\WRD6RXQGILHOGPLFURSKRQH7KXV
LQRUGHUWRGLVWLQJXLVKWKHVHTXDQWLWLHVIURP67HDUO\DQG67ODWHWKH\
DUHUHQDPHG(HDUO\DQG(ODWHUHVSHFWLYHO\
 
(HDUO\ DQG (ODWH ZHUH DOVR XVHG WR TXDQWLI\ WKH HQHUJ\ LQ WKH GH
ILQHG WLPH ZLQGRZV RYHU D UDQJH RI VRXQG VRXUFH OHYHOV 7KLV
JDYHDQ LQGLFDWLRQ WKDW WKH936ZDVSURYLGLQJ WKHFRUUHFW OHYHO
RIDFRXVWLFUHVSRQVHRYHUDZLGHVRXUFHG\QDPLFUDQJH
3.1. Sound Source levels 
,QRUGHUWRDVVHVV(HDUO\DQG(ODWHRYHUDNQRZQG\QDPLFUDQJHLW
ZDVQHFHVVDU\WRPHDVXUHWKH6RXQG3UHVVXUH/HYHO63/JHQHU
DWHGE\WKHORXGVSHDNHU

$ORJDULWKPLFVLQHVZHHSZDVJHQHUDWHGLQ0DWODEDQGRXWSXWDV
DELWIORDWLQJSRLQWN+]ZDYHILOHZLWKDGXUDWLRQRIV
VZHSW IURP+] +]7KH LQYHUVHVZHHSZDVDOVRJHQHU
DWHG WR HQDEOH H[WUDFWLRQ RI WKH LPSXOVH UHVSRQVHV IURP WKH UH
FRUGHGVLJQDOYLDFRQYROXWLRQ>@

$ *HQHOHF $ ORXGVSHDNHU ZDV SODFHG RQ D WULSRG LQ WKH
6RXQG/DEDW D KHLJKW RI FPDERYH WKH IORRU$%	.
6RXQG/HYHO0HWHU 6/0ZDVSRVLWLRQHGFP LQ IURQWRI WKH
DFRXVWLFFHQWUHRIWKHVSHDNHU7KHORXGVSHDNHUZDVFRQQHFWHGWR
D VRXQGFDUG %HKULQJHU $'$ FRQQHFWHG WR DQ 0$XGLR
3URILUH /LJKWEULGJH DQG 0DFERRN UXQQLQJ WKH 5HDSHU '$:
5HDSHUZDVXVHGWRSOD\EDFNVLQHVZHHSVDWSDUWLFXODUJDLQVHW
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WLQJVZKLFKZHUH DWWHQXDWHG LQ G% VWHSVSHU VZHHS7KH6/0
ZDV XVHG WR UHFRUG WKH /$)0$; 0D[LPXP $ZHLJKWHG 63/
)DVWWLPHZHLJKWLQJRIWKHVLQHVZHHSVDWHDFKJDLQVHWWLQJ7KH
PD[LPXPOHYHOZDVREWDLQHGIURPDVPDOOQXPEHURIUHSHWLWLRQV
RIWKHVLQHVZHHSDQGZDVXVHGLQIDYRXURIRWKHUWLPHGHSHQGHQW
DFRXVWLFPHWULFV7KH UDQJHRI VRXQGVRXUFH63/VZDVEHWZHHQ
G%$DQGG%$
3.2. Impulse response capture in test room 
7KHHTXLSPHQWVHWXSLVVKRZQLQ)LJXUH7KHORXGVSHDNHUZDV
SRVLWLRQHGLQDODUJHWHVWURRPDWDKHLJKWRIFPIURPWKHIORRU
$6RXQGILHOG 67PLFURSKRQHZDV SODFHGFPGLUHFWO\EH
KLQG WKH ORXGVSHDNHU DW D KHLJKW RI FP IURP WKH IORRU7KLV
VRXUFHUHFHLYHUFRQILJXUDWLRQZDVVHWWRDSSUR[LPDWHDJHRPHWULF
VLPSOLILFDWLRQ RI D VHDWHGZLQGPXVLFLDQ 7KH ORXGVSHDNHUZDV
FRQQHFWHGWRWKHVRXQGFDUGDQGODSWRSZKLFKSOD\HGVLQHVZHHSV
DW WKH VDPH JDLQ VHWWLQJV DV VKRZQ LQ 7DEOH  7KH 6RXQGILHOG
PLFURSKRQHZDVDOVRFRQQHFWHGWRWKHVRXQGFDUGZKLFKUHFRUGHG
WKHUHVSRQVHRIWKHURRPWRWKLVVLJQDO

7KHWHVWURRPZDVDODUJHHPSW\RIILFHXQLWRQWKHUGIORRURIWKH
+XEEXLOGLQJDW3DFLILF4XD\LQ*ODVJRZ7KHVSDFHLVUHFWDQJX
ODU LQ FRQVWUXFWLRQ DQGPHDVXUHV DSSUR[LPDWHO\ P O [ P
Z [ P K 7KH VSDFH KDV D VWDLQOHVV VWHHO IORRU DQG D ODUJH
QXPEHURIZLQGRZVRQHDFKZDOOWKHFHLOLQJLVDOVRRIVWHHOFRQ
VWUXFWLRQZLWKH[SRVHGEXLOGLQJVHUYLFHVRYHUWKHIXOODUHD6PDOO
FROXPQV DUH ORFDWHG LQ WKH FHQWUHRI WKH VSDFH DORQJ LWV OHQJWK
7KHPHDVXUHPHQWHTXLSPHQWZDVVHWXSDSSUR[LPDWHO\PIURP
WKH1RUWKZDOODQGPIURPWKHQHDUHVWFROXPQ7KHEDFNJURXQG
QRLVHLQWKHVSDFHZDVPHDVXUHGZLWKWKH6/0RYHUDSHULRGRI
PLQXWHVDQGZDVIRXQGWRJLYHDQ/$)RIG%

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
)LJXUHPlan of test room on 3rd Floor of the Hub Pa-
cific Quay, Glasgow. Source and receiver position and 
orientation are also shown.
3.3. Construction and verification of VPS 
7KH LPSXOVH UHVSRQVHV ZHUH HGLWHG WR UHPRYH WKH GLUHFW VRXQG
DQGIORRUUHIOHFWLRQDQGWKHQLQVHUWHGLQWRWZR5HDYHUEFRQYROY
HUVKRVWHGLQ5HDSHU7KHV\VWHPVRXQGFDUGZDVVHWWRWKHORZHVW
VWDEOH,2EXIIHUVHWWLQJZKLFKZDVIRXQGWREHVDPSOHVUH
VXOWLQJLQDSURFHVVLQJODWHQF\RIDSSUR[LPDWHO\PV

7KH HTXLSPHQW VHW XS GHVFULEHG LQ  ZDV UHSURGXFHG LQ WKH
6RXQG/DE HQVXULQJ WKDW WKH 6RXQGILHOG PLFURSKRQH ZDV SRVL
WLRQHG LQ WKH VZHHWVSRW RI WKH DPELVRQLF DUUD\ $ %HKULQJHU
(&0PHDVXUHPHQWPLFURSKRQHZDVSODFHGFPLQIURQWRI
WKH ORXGVSHDNHU WRIHHGWKHGLUHFWVRXQGRIWKHORXGVSHDNHULQWR
WKH9367KH LPSXOVH UHVSRQVHZLWK WKHKLJKHVW VLJQDO WRQRLVH
UDWLRREWDLQHG LQ WKH WHVW URRPZDVHGLWHGDVGHVFULEHGDQG LP
SRUWHGLQWRWZRVWHUHR5HDYHUEFRQYROYHUVKROGLQJ:;<DQG
=FKDQQHOVRIWKHDPELVRQLFLPSXOVHUHVSRQVH6LQHVZHHSVZHUH
SOD\HG WKURXJKWKH ORXGVSHDNHUDW WKHVDPHOHYHOXVHGWRREWDLQ
WKDWSDUWLFXODULPSXOVHUHVSRQVHG%/$)0$;7KHDXUDOLVHG
UHVSRQVH WR WKLV VLJQDO ZDV UHFRUGHG DW WKH VZHHWVSRW E\ WKH
6RXQGILHOG PLFURSKRQH DQG WKH LPSXOVH UHVSRQVHV GHULYHG DV
EHIRUH

%\ FRPSDULQJ WKH WLPH RI DUULYDO RI VSHFLILF UHIOHFWLRQV LQ WKH
LPSXOVH UHVSRQVHVPHDVXUHG LQ WKH WHVW URRPZLWK WKRVHPHDV
XUHGLQWKH6RXQG/DELWZDVSRVVLEOHWRGHWHUPLQHKRZPXFKRI
WKHSURSDJDWLRQWLPHWRGLVFDUGLQRUGHUIRUWKHUHIOHFWLRQVWRRF
FXU DW WKH FRUUHFW WLPH 2QFH DOLJQHG WKH JDLQ RI WKH GHFRGHU
RXWSXWZDVDGMXVWHGWRREWDLQWKHFORVHVWSRVVLEOHPDWFKLQ(HDUO\
DQG (ODWHPHDVXUHG LQ WKH WHVW VSDFH$IWHU WKH OHYHO RI DFRXVWLF
UHVSRQVHKDGEHHQ FDOLEUDWHG WKH VRXQG VRXUFHZDV DGMXVWHG WR
WKH RWKHU 63/V XVHG LQ WKH WHVW URRP ,PSXOVH UHVSRQVHV ZHUH
PHDVXUHGIRUHDFKVRXUFHOHYHODQGWKH(HDUO\DQG(ODWHYDOXHVGH
ULYHGDVSUHYLRXVO\GHVFULEHG
4. RESULTS 
)LJXUH  FRPSDUHV (HDUO\ DQG (ODWH LQ WKH WHVW URRP DQG YLUWXDO
URRP(ODWHLQWKHPHDVXUHGDQGYLUWXDOFDVHDUHZHOOPDWFKHGEH
WZHHQ VRXUFH 63/ RI G% DQG G% 63/ :LWK IXUWKHU DW
WHQXDWLRQRIWKHVRXUFH63/LWFDQEHVHHQWKDWWKHPHDVXUHG(ODWH
VWDUWV WR LQFUHDVH WR DQ HYHQWXDO JUDGLHQW RI DSSUR[LPDWHO\ G%
SHU DWWHQXDWLRQ VWHS 7KH YLUWXDO YHUVLRQ FDQ EH VHHQ WR IROORZ
WKLVWUHQGDWG%(HDUO\LQWKHYLUWXDODQGPHDVXUHGFDVHVUHDFWLQ
D VLPLODUZD\ZLWK WKH LQFUHDVHEHJLQQLQJ DWPXFK ORZHU OHYHOV
WKDQ LQ(ODWH%HWZHHQVRXUFH63/VRIG%DQGG% WKHYLU
WXDO(HDUO\LVW\SLFDOO\G%KLJKHUWKDQWKHPHDVXUHG(HDUO\
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
)LJXUH : plots showing measured (solid) versus virtual 
(dashed) E in early and mid time windows 

$VWKHVRXUFHOHYHOLVJUDGXDOO\GHFUHDVHGVRWRRGRHVWKHHQHUJ\
LQ HDFK WLPHZLQGRZ XQWLO LW IDOOV EHORZ WKH QRLVH IORRU RI WKH
VSDFH:KHQWKLVRFFXUVWKHHQHUJ\LQWKLVWLPHZLQGRZEHFRPHV
FRQVWDQW FRQVHTXHQWO\ IXUWKHU VRXQG VRXUFH OHYHO DWWHQXDWLRQ
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 '$)[
ZLOOFDXVHDQLQFUHDVHLQ(HDUO\(ODWH,QWKLVH[SHULPHQWWKHVRXQG
VRXUFHOHYHOGHFUHPHQWVE\G%WKHUHIRUHRQFHWKHHQHUJ\LQHDFK
WLPHZLQGRZIDOOVEHORZWKHQRLVHIORRULWLVH[SHFWHG(HDUO\(ODWH
ZLOO LQFUHDVHE\DWDUDWHHTXDOWRWKLVVRXQGVRXUFHOHYHOGHFUH
PHQW ,W FDQ EH REVHUYHG WKDW WKH (HDUO\(ODWH YDOXHV VWDUW WR LQ
FUHDVHDWKLJKHUVRXUFH63/YDOXHVLQWKHPHDVXUHGVSDFHWKDQLQ
WKHYLUWXDOVSDFH7KLVLVGXHWRDORZHUEDFNJURXQGQRLVHSUHVHQW
LQWKHYLUWXDOVSDFH

)LJXUHFRPSDUHV('7DQG7LQPHDVXUHGDQGYLUWXDOURRPV
UG RFWDYH UHVXOWV VKRZ WKDW WKHYLUWXDODQG WHVW URRP7DUH
KLJKO\FRUUHODWHGZKLOH('7FRQWDLQVQRWLFHDEOHGHYLDWLRQVSDU
WLFXODUO\DW+]DQGN+]ZKHUHWKHYLUWXDOVSDFHVKRZVD
UHGXFHG('77KHPD[LPXPGLIIHUHQFHZDVREVHUYHG WREHDS
SUR[LPDWHO\VHFRQGVDWN+]
5. DISCUSSION 
$YLVXDOFRPSDULVRQRIPHDVXUHGDQGYLUWXDO LPSXOVH UHVSRQVHV
UHYHDOHG DGGLWLRQDO UHIOHFWLRQV SUHVHQW LQ WKH ILUVW PV RI WKH
YLUWXDO UHVSRQVH7KLV LV WKRXJKW WREHFDXVHGE\ UHIOHFWLQJVXU
IDFHV79VFUHHQVDQGRWKHUHTXLSPHQWLQWKH6RXQG/DEZKLFK
PD\DOVRDFFRXQWIRUWKHKLJKHU(HDUO\YDOXHVREVHUYHGLQWKHYLU
WXDOUHVSRQVHDQGWKHHUURUVREVHUYHGLQ('7
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
)LJXUH: plots comparing (a) EDT and (b) T30 of meas-
ured test room (solid) and the virtual version (dashed) 
'XHWR WKHQRQDQHFKRLFQDWXUHRIWKH6RXQG/DELWLVVXJJHVWHG
WKDW WKHUH LVD ORZHU OLPLW IRU(HDUO\ VLPXODWLRQV UHTXLULQJ UHIOHF
WLRQV LQ WKLV WLPHZLQGRZ WREHRIKLJKHU DPSOLWXGH WKDQ WKRVH
SUHVHQW LQ WKHUHSURGXFWLRQVSDFH6WXGLHVLQYROYLQJILQHDGMXVW
PHQWRIHDUO\UHIOHFWLRQVPD\QHHGWREHFRQGXFWHGLQ936V\V
WHPVKRXVHGLQQHDUDQHFKRLFFRQGLWLRQV6XEMHFWLYHWHVWLQJZLOO
LQGLFDWHKRZDXGLEOHWKHREVHUYHGGLIIHUHQFHVDUHLQWKHSUHVHQFH
RI PDVNLQJ QRLVH FUHDWHG E\ D PXVLFLDQ’s   LQVWUXPHQW KRZHYHU
WKLVLVH[SHFWHGWREHKLJKO\GHSHQGHQWRQWKHW\SHRILQVWUXPHQW
VWXGLHG
6. CONCLUSIONS  
7KH UHVXOWVRI WKLV H[SHULPHQW KDYH LQGLFDWHG WKDW HQHUJ\EDVHG
FDOLEUDWLRQ RI D 936 SURYLGHV D UHDVRQDEO\ DFFXUDWH YLUWXDO UH
VSRQVH LQ WHUPV RI NQRZQ DFRXVWLF TXDQWLWLHV 7KH 936 ZDV
IRXQG WR EH OHVV DFFXUDWHZKHQ VLPXODWLQJ WKH HDUO\ SDUW RI WKH
UHVSRQVHGXH WR LQWHUIHUHQFHIURPWKH6RXQG/DE’s  RZQDFRXVWLF
UHVSRQVH

$QLPPHGLDWHFRQFHUQLVKRZZHOOWKH936LVVLPXODWLQJWKHGL
UHFWLRQRIHDUO\UHIOHFWLRQVXVLQJDVWRUGHUDPELVRQLFV\VWHP$
WLPHIUHTXHQF\ GLUHFWLRQDO DQDO\VLV ZLOO EH SHUIRUPHG RQ WKH
PHDVXUHGDQGVLPXODWHGUHVSRQVHVWR LQGLFDWHKRZZHOO LQGLYLG
XDOUHIOHFWLRQVDUHEHLQJVSDWLDOLVHG)XUWKHUPRUHWKHUHVXOWVRE
WDLQHGLQWKLVVWXG\UHIOHFWDFRPSOHWHO\VWDWLFPXVLFLDQKRZHYHU
SHUIRUPLQJPXVLFLDQVZLOOPRYHDQGJHVWXUHZKLOHSOD\LQJZKLFK
ZLOODIIHFWWKHDFKLHYDEOHDFFXUDF\RIWKHV\VWHP$V\VWHPFDSD
EOHRIWUDFNLQJPXVLFLDQPRYHPHQWVPD\LPSURYHDFFXUDF\
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